Introduction
The reducing of a gate leakage current and the improvement of current drivability of MOSFET are very important for realizing the high performance MOS circuits. It has been reported that the Si 3 N 4 formed by direct radical nitridation of Si has been low leakage current density and high reliability [1] [2] [3] . It has been also reported that the current drivability of MOSFET has been improved by using Si (110) surface [4] [5] and 3D structured device [6] . We considered that MOSFET could be higher performance by combined using of Si (110) and Si 3 N 4 gate insulator formed by direct radical nitridation of Si.
In this paper, we demonstrate the low gate leakage current, no hysteresis and low interface states density of Metal Nitride Silicon Capacitor (MNSCAP) with Si 3 N 4 film formed on Si (110). We study the dependence of interface transition region of Si 3 N 4 films on Si surface orientation, and demonstrate that the interface transition region of Si 3 N 4 films formed on high Si atom density surface as Si (110) surface becomes narrow.
Experimental MNS capacitors were fabricated on Cz n-type (100) and (110) silicon substrate with phosphorous concentrations of 5 ×10 15 cm -2 . Surface micro-roughness of Si (100) and Si(110) surfaces is suppressed by a wet oxidation and maintained by using 5-step room temperature cleaning [5] . Si 3 N 4 films were formed by radical NH produced in the microwave excited high-density Xe/NH 3 mixture gases plasma at a pressure of 20 Pa and 600 o C. The microwave frequency and power were 2.45GHz and 5W/cm 2 , respectively. For investigating the chemical structure Si 3 N 4 /Si interface, the 1050 eV photons' excited Si 2p photoelectron spectra arising from Si 3 N 4 /Si interface were measured with energy resolution of 100 meV for photoelectron at high brilliant soft-x-ray undulator beam line (BL27SU) of Super Photon Ring 8 GeV (SPring-8).
Results and Discussion Fig.1 shows the J-V curves of MNS capacitors having Si 3 N 4 films formed on Si (100) surface and Si (110) surface. The gate current of Si 3 N 4 films formed on Si (110) surface is the same as that formed on Si (100) surface. Fig.2 shows the gate current density (Jg) as a function of EOT. The gate current of Si 3 N 4 films formed on Si (110) surface reduces 3 orders of magnitude compared with conventional SiO 2 films. Fig.3 shows the C-V curves of MNS capacitors having Si 3 N 4 films formed on Si (100) surface and Si (110) surface. There are no hysteresis existing for both capacitors. Fig.4 shows the interface states density of MIS capacitor formed on Si (100) and Si (110) as determined by Quasi-static C-V measurement. Interface is formed by direct nitridation of 1.8nm-Si 3 N 4 on silicon surfaces. Following CVD-oxide (27nm) deposition are done for suppressing of leakage current. The interface states density at midgap of MIS capacitor formed on Si (100) and Si (110) are less than 6 × 10 10 eV -1 cm -2 and less than 5 × 10 10 eV -1 cm -2 , respectively. These results and no hysteresis indicate that Si 3 N 4 films formed on Si (110) surface have excellent interface characteristics. Fig. 5 shows Si 2p 3/2 photoelectron spectra arising from Si 3 N 4 /Si structure of Si 3 N 4 films that formed on Si (100), Si (111) and Si (110) Komura, et al., SSDM, p.452 (2003) [4] S. Sugawa, et al, IEDM, p. 817 (2001) [5] A. Teramoto et al., IEDM, p.801 (2003) [6] B. Doyle, et al., VLSI Tech. p. 133 (2003) [7] M. Shioji et al, APL, Vol. 84, No. 19, p.3756(2004) (110) 
